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I n  t h i s  r e p o r t  t h e  s t a t u s  o f  t h e  r e s e a r c h  on t h e  c rack  
propagat ion i n  c y l i n d r i c a l  s h e l l s ,  which i s  supported by a 
g r a n t  from t h e  Nat iona l  Aeronaut ics  and Space Adminis t ra t ion 
(NGR-39-007-011),  i s  reviewed. The completed p o r t i o n  of t h e  
program i s  summarized and a b r i e f  o u t l i n e  of  the  work which 
i s  c u r r e n t l y  i n  p rogres s  i s  given.  

1. Summary o f  Completed Work 
I n  broad te rms ,  t h e  b a s i c  o b j e c t i v e  o f  t h e  p re sen t  

r e s e a r c h  program was: 
To develop a r a t i o n a l  t h e o r e t i c a l  basis of comparison 
between f a t i g u e  c rack  growth c h a r a c t e r i s t i c s  i n  t h i n  
p l a t e s  under p lane  ex tens ion  and tha t  i n  s t r u c t u r e s  
composed o f  t h i n  p l a t e s  and she l l s  under a r b i t r a r y  ex- 
t e r n a l  l o a d s ;  to c a r r y  out t h e  necessary  t h e o r e t i c a l  
s t u d i e s  and to perform t h e  necessary  experiments  f o r  
t h e  development and t h e  v e r i f i c a t i o n  of a s u i t a b l e  model. 

The completed p o r t i o n s  o f  t h e  r e s e a r c h  have been r epor t ed  to 
NASA as t e c h n i c a l  p rog res s  r e p o r t s  ( s ee  r e f e r e n c e s  1 - 1 2 ) .  I n  
t h i s  phase of t h e  program, t h e  emphasis w a s  on t h e  i n v e s t i g a t i o n  
of t h e  e f f e c t s  of two f a c t o r s  on t h e  f a t i g u e  and f r a c t u r e  o f  
t h i n  p l a t e  and s h e l l  s t r u c t u r e s ,  namely, t he  s h e l l  cu rva tu re  
and t h e  load  c o n d i t i o n  ( i . e . ,  the  combined membrane and bend- 
i n g  l o a d s ,  t o r s i o n ,  b i a x i a l  membrane l o a d s ,  and o t h e r  combina- 
t i o n s  ) . 

The problem of f a t i g u e  crack propagat ion i n  p l a t e s  sub jec t ed  
to c y l i n d r i c a l  bending was s t u d i e d  i n  [l]. The e f f e c t  of mean 
s t r e s s  on t h e  f a t i g u e  c rack  growth r a t e  was s t u d i e d  i n  [4], 
[ S I ,  and C91. I n  t h e s e  s t u d i e s ,  the  stress i n t e n s i t y  f a c t o r  
was used as a c o r r e l a t i o n  parameter  to analyze  t h e  r e s u l t s .  

The r e s u l t s  of f a t i g u e  c rack  propagat ion s t u d i e s  i n  
c y l i n d r i c a l  s h e l l s  were r e p o r t e d  i n  [TI, [lo] and [ 121 .  The 
she l l  r e s u l t s  were also analyzed by  us ing  the  s t r e s s  i n t e n s i t y  
f a c t o r  as the  rslat  i o n  p a r a  er. Thus, s i n c e  the  problem 

/ 

I H  

I 
3 

f 
- 

1 ) .  

f 



-2- 

of f a t i g u e  and f r a c t u r e  i n  c y l i n d r i c a l  s h e l l s  was a n  impor- 
t a n t  p a r t  of t he  r e s e a r c h  p r o j e c t ,  a ra ther  e x t e n s i v e  program 
was undertaken to s tudy  the  stress d i s t r i b u t i o n  i n  she l l s  con- 
t a i n i n g  s t r a i g h t  c r acks ,  and s p e c i f i c a l l y ,  to e v a l u a t e  t h e  
stress i n t e n s i t y  f a c t o r s  for v a r i o u s  k inds  of  load  c o n d i t i o n s .  
The completed p a r t  of these s t u d i e s  was r e p o r t e d  i n  [ll], where 
t h e  stress i n t e n s i t y  "ac to r s  i n  c y l i n d r i c a l  and s p h e r i c a l  s h e l l s  
sub jec t ed  to e x t e n s i o n a l  membrane l o a d s  ( e . g . ,  i n t e r n a l  p r e s s u r e )  
and uniform bending were g iven .  The main r e s u l t  o f  these  
s t u d i e s  was t h a t  even i f  t he  s h e l l  i s  sub jec t ed  to pure membrane 
or bending load  o u t s i d e  t h e  p e r t u r b a t i o n  zone of the  c rack ,  
i n  t h e  neighborhood of  t h e  c rack  t i p s  the  stress s ta te  i s  
a l w a y s  combined membrane and bending. 

Fa t igue  c rack  propagat ion  r e s u l t s  i n  6063-T6 aluminum 
c y l i n d e r s  s u b j e c t e d  to i n t e r n a l  p r e s s u r e  were r e p o r t e d  i n  [ T I ,  
which a l s o  i n c l u d e s  c rack  propagat ion  model f o r  combined bend- 
i n g  and membrane l o a d s ,  some d e t a i l s  of t h e  s t r e s s  a n a l y s i s ,  
and t h e  r e s u l t s  of  t h e  s t a t i c  s t r a i n  arfalysis around the  c rack  
t i p s .  The r e s u l t s  f o r  t h e  6063-T6 c y l i n d e r s  sub jec t ed  to 
f l u c t u a t i n g  to rque  were r e p o r t e d  i n  [lo]. I n  t he  t o r s i o n  
experiments a c i r c u l a r  ho le  on the c y l i n d e r  wall  was used as 
a s t r e s s  r a i s e r  to i n i t i a t e  t h e  f a t i g u e  c r a c k s ,  which were 
formed and propagated along approximately two 45-degree h e l i x e s .  
Reference E121 c o n t a i n s  t h e  r e s u l t s  f o r  t he  6061-T4 aluminum 
p l a t e  and s h e l l s .  I n  [12] a d i r e c t  comparison of t h e  f a t i g u e  
r e s u l t s  i n  u n i a x i a l l y  loaded p l a t e s  and i n t e r n a l l y  p r e s s u r i z e d  
c y l i n d e r s  of t h e  same material and t h e  same t h i c k n e s s  was made. 
E121 a l s o  i n c l u d e s  t h e  r e s u l t s  of some p re l imina ry  s t u d i e s  
of t he  e f f e c t  of load  b i a x i a l i t y  on t h e  f a t i g u e  c rack  pro- 
paga t ion  r a t e  i n  and the  r u p t u r e  s t r e n g t h  ( i . e .  p lane  stress 
f r a c t u r e  toughness)  of t h i n  p l a t e s .  The t e n t a t i v e  conclus ions  
concerning t h e  e f f e c t s  of load  b i a x i a l i t y  i n  p l a t e s  are t h a t ,  
a )  there  are two f a c t o r s  i n f luenced  by t h e  load  b i a x i a l i t y  
which p l ay  a dominant r o l e  i n  t h e  f a t i g u e  and f r a c t u r e  be- 
hav io r  of t h i n  p l a t e s  and she l l s .  These f a c t o r s  are  t h e  
p l a s t i c  deformations acound t h e  c rack  t i p s  and wr ink l ing  or 
bulg ing  of t he  p l a t e  ( o r  s h e l l )  around t h e  c rack;  b )  a t  
reasonably  low f a t i g u e  c rack  growth ra tes  ( e . g . ,  da/dn 
10=3 i n /  c y c l e ) ,  t he  bulg ing  or wrink l ing  i s  not  s i g n r g i c a n t  
and t h e  p l a s t i c  zone around t h e  c rack  i s  small. Hence, a t  
low c rack  growth ra tes  t h e  e f f e c t  o f  stress b i a x i a l i t y  i s  not  
very  s i g n i f i c a n t ,  and i n  most ca ses  t h e  r e s u l t i n g  d e v i a t i o n s  
f a l l  i n t o  t he  n a t u r a l  s c a t t e r  band of t he  experimental  data;  e )  
f o r  most c r ack  s i z e s  of p r a c t i c a l  i n t e r e s t  t h e  rupt ,ure  stress 
i n  t h i n  p l a t e s  and s h e l l s  i s  very  c l o s e  to t he  y i e l d  s t r e n g t h  
of t h e  material; hence there  i s  a cons ide rab le  e f f e c t  of load  
b i a x i a l i t y  on t h e  bulg ing  and p l a s t i c  defanmations around t h e  
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c rack .  A s  a r e s u l t  of t h i s  the r u p t u r e  s t r e n g t h  (or t h e  
p lane  stress f r a c t u r e  toughness)  of t h e  material becomes 
very h igh ly  dependent on t h e  stress b i a x i a l i t y - i n c r e a s i n g  
w i t h  t h e  i n c r e a s i n g  r a t i o  of t h e  stress component which i s  
p a r a l l e l  to t h e  c rack  to that  which i s  pe rpend icu la r  to t h e  
crack.  

The work r e p o r t e d  i n  t he  r e f e r e n c e s  [ 2 ] ,  [31 and [ S I  
c o n s i s t e d  of some re la ted  t h e o r e t i c a l  problems d e a l i n g  wi th  
t h e  e l a s t i c  and e l a s t i c - p l a s t i c  stress d i s t r i b u t i o n  i n  two- 
dimensional  media of  v a r i o u s  geometr ies .  Reference 181 
dealt w i t h  t h e  development o f  t h e  b a s i c  a n a l y t i c a l  tool 
used i n  the  t h e o r e t i c a l  s o l u t i o n  of t h e  s h e l l  problems. 

2 .   research c u r r e n t l y  i n  p rogres s  

Following i s  a b r i e f  d e s c r i p t i o n  of problems which are 
c u r r e n t l y  be ing  s t u d i e d :  

The i n v e s t i g a t i o n  of t h e  e f f e c t  of s t ress  b i a x i a l i t y  on 
t h e  f a t i g u e  c rack  propagat ion  r a t e  and t h e  r u p t u r e  s t r e n g t h  
of th in-wal led  c y l i n d e r s  and p l a t e s  i s  be ing  cont inued.  
To change the  stress r a t i o  i n  s h e l l s ,  t he  f e a s i b i l i t y  of 
running t h e  f a t i g u e  experiments  w i th  c y l i n d e r s  without  
t h e  a x i a l  c o n s t r a i n t  i s  be ing  s t u d i e d  (bo th  the"c1osed" 
and "open" ends are be ing  cons ide red ) .  The e f f e c t  o f  t h e  
r a t i o  of t h e  p r i n c i p a l  s t resses  away from t h e  c rack  on t h e  
r u p t u r e  s t r e n g t h  of t h i n  p l a t e s  i s  be ing  s t u d i e d  i n  more 
d e t a i l .  I n  these s t u d i e s  t h i n  aluminum as w e l l  as P l e x i g l a s  
p l a t e s  are be ing  used to s e p a r a t e  t h e  e f f e c t  o f  bu lg ing  as 
much as p o s s i b l e  ( i n  P l e x i g l a s  there  i s  no b u l g i n g ) .  

With t h e  except ion  of t o r s i o n  case ,  i n  a l l  t h e  s h e l l  
s t u d i e s  which have been d i scussed  so f a r ,  t h e  crack was 
l o c a t e d  p a r a l l e l  to t h e  a x i s  of  t h e  c y l i n d e r .  Another i m -  
p o r t a n t  p r a c t i c a l  c a s e ,  however, i s  t h a t  of a c y l i n d r i c a l  
s h e l l  con ta in ing  a c i r c u m f e r e n t i a l  c rack  (which may r e s u l t  
from a x i a l  t e n s i o n  or bending of t h e  whole c y l i n d e r  w i t h  or 
without  the  i n t e r n a l  p r e s s u r e ) .  The exper imenta l  work on 
t h i s  problem c o n s i s t s  of t he  f a t i g u e  c rack  propagat ion  r a t e  
and r u p t u r e  s t r e n g t h  s t u d i e s  i n  a x i a l l y  loaded c y l i n d e r s  
c o n t a i n i n g  a c i r c u m f e r e n t i a l  c r ack .  The c o n f i g u r a t i o n  has 
c e r t a i n  advantages,  among which t h e  fo l lowing  may be men- 
t i o n e d :  a )  The s t r e s s  s t a t e  away from t h e  c rack  i s  u n i a x i a l ; '  
b )  a t  s low c rack  growth ra tes  there  i s  no bulg ing  i n  t h e  
s h e l l ,  and e )  t h e  t e s t  specimen can c a r r y  ce r t a in ' amoun t  
o f  compressive load-adding more f l e x i b i l i t y  to the t e s t  
program. Thus, i n  comparing t h e  r e s u l t s  of these t e s t s  
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w i t h  t h a t  o f  u n i a x i a l l y  loaded p l a t e s ,  t h e  only  d i f f e r e n c e  
i s  expected to come from t h e  s h e l l  c u r v a t u r e .  

Other t h e o r e t i c a l  problems which are c u r r e n t l y  be ing  
s t u d i e d  are t h e  e v a l u a t i o n  o f  stress i n t e n s i t y  f a c t o r s  i n  
cracked c y l i n d r i c a l  s h e l l s  under anti-symmetric l o a d i n g  
and t h e  e f f e c t  of a c e r t a i n  a n i s o t r o p y  on t h e  stress in-  
t e n s i t y  f a c t o r s .  
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